Eukaryotic genomes are composed of genes of different evolutionary origins. This is especially true in the case of photosynthetic eukaryotes, which, in addition to typical eukaryotic genes and genes of mitochondrial origin, also contain genes coming from the primary plastids and, in the case of secondary photosynthetic eukaryotes, many genes provided by the nuclei of red or green algal endosymbionts. Phylogenomic analyses have been applied to detect those genes and, in some cases, have led to proposing the existence of cryptic, no longer visible endosymbionts. However, detecting them is a very difficult task because, most often, those genes were acquired a long time ago and their phylogenetic signal has been heavily erased. We revisit here two examples, the putative cryptic endosymbiosis of green algae in diatoms and chromerids and of Chlamydiae in the first photosynthetic eukaryotes. We show that the evidence sustaining them has been largely overestimated, and we insist on the necessity of careful, accurate phylogenetic analyses to obtain reliable results.
T oday it is widely accepted that photosynthesis originated in eukaryotes by the endosymbiosis of a cyanobacterium within a heterotrophic eukaryotic host. This occurred in a lineage that subsequently diversified to give rise to the three contemporary groups of primary photosynthetic eukaryotes: Viridiplantae (including green algae and land plants), Rhodophyta and Glaucophyta, grouped collectively within a unique eukaryotic superphylum called Archaeplastida (Adl et al. 2005) or Plantae (CavalierSmith 1982) . Recently, a second case of primary endosymbioses has been unveiled thanks to the characterization of Paulinella chromatophora, a filose amoeba that hosts a cyanobacterium with a reduced genome that has been described as "a plastid in the making" (Marin et al. 2005; Keeling and Archibald 2008; Nowack et al. 2008) . Primary endosymbioses resulted in the establishment of plastids with two membranes. However, a vast variety of eukaryotes possess plastids with three or more membranes. They derive from the endosymbioses of primary photosynthetic eukaryotes within other eukaryotic cells (Delwiche 1999; Keeling 2013) . Such secondary endosymbioses have spread photosynthesis across the eukaryotic tree, either by the endosymbiosis of red or of green algae. Whereas it is almost certain that secondary endosymbioses of green algae occurred twice (in euglenids and chlorarachniophytes), secondary red algal plastids are found in a variety of alveolates, stramenopiles, cryptophytes, and haptophytes, and the number of red algal endosymbioses at the origin of these groups has been matter of intense debate (Baurain et al. 2010; Keeling 2010 Keeling , 2013 Burki et al. 2012b) . Moreover, the existence of tertiary endosymbioses (namely, the symbiosis of a secondary photosynthetic eukaryote within another eukaryotic cell) and of plastid replacements makes the picture of plastid evolution in eukaryotes even more complex. Dinoflagellates, some of which have replaced their ancestral red algal plastids by green algae, diatoms, haptophytes, or cryptophytes, are paradigmatic examples of such complex situations (Keeling 2013) .
The evolution of plastids has been studied using genes from the plastid genome as well as typical eukaryotic nuclear genes, which allow inferring the phylogenies of both the plastids and their hosts. The use of those markers has led to interesting discoveries, such as the monophyly of the Archaeplastida (Moreira et al. 2000; Rodríguez-Ezpeleta et al. 2005) or the difficulties in reconciling the plastid and host histories in eukaryotes with red algal plastids (Baurain et al. 2010; Burki et al. 2012b ). However, a third class of genes can also provide useful complementary information: the genes of plastid origin retrieved within the nuclear genome of the host. In fact, contemporary plastids have small genomes, which is due to the fact that most of the original cyanobacterial symbiont genes were lost or transferred to the host nucleus (by a process called endosymbiotic gene transfer, EGT) during the evolution of plastids (Weeden 1981; Martin et al. 1998) . These transfer events are not restricted to plastid endosymbiosesthe same phenomenon occurred during the endosymbiosis that gave rise to the mitochondria (Gray et al. 1999; Burger et al. 2003) .
EGT genes may serve to study the evolutionary history of plastids and, in particular, the presence of cryptic endosymbioses. In fact, species that had a plastid in the past but lost photosynthesis may have conserved genes of plastid origin in their nuclear genomes. This has been shown for a variety of nonphotosynthetic eukaryotes, such as, for example, apicomplexan parasites (Fast et al. 2001; Roos et al. 2002; Williams and Keeling 2003; Huang et al. 2004) , perkinsids (Stelter et al. 2007; Matsuzaki et al. 2008; Fernández Robledo et al. 2011) or nonphotosynthetic dinoflagellates (Sanchez-Puerta et al. 2007; Slamovits and Keeling 2008) , and green algae (de Koning and Keeling 2004) . Although much more controversial, potential EGTs have also been used to propose a photosynthetic ancestry for ciliates or that algae with secondary plastids of red algal origin, such as diatoms and chromerids, may have contained green algal endosymbionts in their past (Moustafa et al. 2009; Woehle et al. 2011) . Likewise, several dozens of potential EGTs have been detected in algae and plants that appear to have been acquired from Chlamydiae, a group of parasitic bacteria (Huang and Gogarten 2007; Becker et al. 2008; , which led to proposing that cryptic chlamydial endosymbionts may have helped to establish the first plastids, in particular, by providing essential functions for plastid activity (Greub and Raoult 2003; Ball et al. 2013; Baum 2013) .
We revise here some of these cases of cryptic endosymbiosis, with special attention on the difficulties in accurately detecting EGT and the importance of proper phylogenetic analysis and of an adequate taxonomic sampling to achieve that task.
CRYPTIC GREEN ALGAL ENDOSYMBIOSES IN DIATOMS AND CHROMERIDS
Diatoms are a speciose group of unicellular algae belonging to the phylum Stramenopila or Heterokonta, whereas chromerids are a recently discovered group of algae closely related to the Apicomplexa (Moore et al. 2008) . Thanks to the availability of complete genome sequences or of transcriptome data, recent studies have tried to identify EGTs in these organisms. In the case of diatoms, a phylogenomic survey performed by Moustafa et al. (2009) (Martin et al. 2002) . However, the origin of most of those EGTs in diatoms was completely unexpected. More than 70% of them appeared to be more closely related to green algal and plant homologs than to red algal ones. This was astonishing because diatom plastids are widely accepted to be derived from a red algal endosymbiont, and, thus, EGTs should be related to red algal homologs. To explain their results, Moustafa et al. proposed that diatoms, and perhaps other related phyla, originally acquired a plastid by the endosymbiosis of a green alga, which was secondarily replaced by the red algal plastid found today.
In the case of chromerids, Woehle et al. (2011) analyzed expressed sequence tags (ESTs) from the species Chromera velia. From 3151 ESTs, 513 appeared to be of EGT origin and had homologs in red and green algae. Two hundred sixty-three of them were more similar to red algal sequences, as expected, because chromerids, as the closely related Apicomplexa, are supposed to have secondary plastids of red algal origin (Moore et al. 2008) . However, a similar number of EGTs, 250, appeared to have an unexpected green algal ancestry. Although inferior to the 70% found in diatoms, this represented 50% of putative "green" EGT genes in chromerids. However, Woehle et al. interpreted their results in a very different way from Moustafa and coworkers. In fact, they considered the green signal found in Chromera not as evidence of a cryptic green algal endosymbiosis (which, in their own words, "leads to worryingly complicated evolutionary scenarios") but most likely as phylogenetic error, probably caused by poor taxonomic sampling for red algae. In fact, when Woehle et al. repeated their analysis eliminating all of the red algal sequences with the exception of only one species (the highly derived thermophile Cyanidioschyzon merolae, incidentally the single one used by Moustafa and coworkers), the number of potential green EGTs in Chromera slightly increased. This supported the idea that the green signal did not reveal true green algal ancestry but just the lack of a sampling of red algal genes as rich as the one available for green algae and plants. Woehle et al. (2011) thus concluded that improving the taxonomic sampling of red algae should continue to erase the green signal observed in Chromera and, likely, also in diatoms.
A PROBLEM OF TAXONOMIC SAMPLING . . .
AND METHODS
The work by Woehle et al. showed the importance of taxonomic sampling for the accurate characterization of EGTevents. This was a clear problem in the work of Moustafa and colleagues on diatoms. They compared all proteins encoded by two diatom genomes (T. pseudonana and P. tricornutum) against a local sequence database that, concerning the Archaeplastida, contained 11,356 protein sequences of red algae and 193,394 from green algae and plants, namely, an overwhelming 1:17 red:green ratio. This disproportion could explain many of the cases in which diatom sequences were close to green ones just because of the absence of red algal homologs, an absence that could reflect incomplete sampling (i.e., the red algal genomes containing the corresponding genes have simply not been sequenced yet) rather than a true general absence in all red algal species. Moreover, balanced taxonomic sampling is essential for accurate phylogenetic reconstruction (Lecointre et al. 1993) , and many trees where diatoms branched with green sequences even in the presence of red algal homologs should be tested with a richer sampling of red algal species. This is what we tried in a study in which we reanalyzed all of the putative EGTs in diatoms using a database with as many red algal sequences as possible (Deschamps and Moreira 2012) . We managed to double the number of red algal sequences, and, even if the red:green ratio remained extremely biased, this had a great impact on the inference of EGTevents (see below).
In addition to the problem of unbalanced taxonomic sampling, the diatom and Chromera studies had a second source of potential bias: the use of automatic tools to filter phylogenetic trees. In both cases, trees were screened to look for the nearest neighbor of diatoms and Chromera using PhyloSort and the Newick Utilities package (Junier and Zdobnov 2010) , respectively. This approach was very limited because it only considers a pair of branches (the target-diatoms or Chromera-and its closest relative) without taking into account the general topology of trees and their global support or the taxonomic representation of the different proteins across the eukaryotic diversity. In fact, that simplistic approach ignores very common problems such as unresolved phylogenies (typical for singlemarker phylogenetic analyses), hidden paralogies, or very unbalanced taxonomic samplings. The incidence of these problems on the inference of EGTs in diatoms and Chromera was well illustrated by the reanalyses conducted using a manual inspection of phylogenetic trees instead of the automatic filtering. In the case of Chromera, Burki et al. (2012a) showed that, from the 513 genes reported to have originated from red and green algae in an 1:1 ratio, only 51 appeared to actually have an EGT origin, and, among them, 23 were more closely related to red algae, only nine supported a green algal origin, and 19 had an ambiguous signal. Using a similar manual approach to the study of diatom EGTs, we observed that only 286 cases (,10% of the EGTs originally proposed by Moustafa and coworkers) actually supported an EGT origin (Deschamps and Moreira 2012) . Moreover, only 30 of these 286 cases appeared to have a well-supported green algal origin, with more cases supporting a red algal origin or just an ambiguous attribution. It is remarkable that the two manual reanalyses (Burki et al. 2012a; Deschamps and Moreira 2012) converged to a similar degree of validation of only 10% of the EGTs detected by automatic filtering. For diatoms, among the .90% of cases rejected, half of them corresponded to genes with a very poor representation of eukaryotic species, and the other half to genes that produced phylogenetic trees compatible with a vertical inheritance from an ancient eukaryotic ancestor rather than a more recent EGT from a green or red algal donor.
These studies weakened the support for the hypothesis of cryptic endosymbioses of green algae in diatoms and chromerids. They also, as Burki et al. (2012a) clearly stated, "emphasize the lack of congruence and the subjectivity resulting from independent phylogenomic screens for EGT, which appear to call for extreme caution when drawing conclusions for major evolutionary events."
DID CRYPTIC CHLAMYDIAE PLAY A ROLE AT THE ORIGIN OF PHOTOSYNTHETIC EUKARYOTES?
Plastids import ATP from the cell cytosol thanks to their ATP/ADP translocases, which are enzymes that catalyze the transport of ATP across a membrane in exchange with ADP. Among prokaryotes, these enzymes are very rare and have only been identified in a few obligate intracellular bacteria belonging to the Chlamydiales and the Rickettsiales. Both are parasitic bacteria that steal ATP from their infected hosts. The first phylogenetic analysis of ATP/ADP translocases that included a good representation of these bacteria suggested that these translocases originated from a chlamydial ancestor and were transferred horizontally to rickettsiae and plants (Schmitz-Esser et al. 2004 ). This was in agreement with an earlier study showing a high proportion of chlamydial proteins similar to plant proteins, which was interpreted as the reflection of an unappreciated evolutionary relationship between the Chlamydiae and theCyanobacteria-chloroplast lineage (Brinkman et al. 2002) . Some years subsequently, a massive phylogenomic analysis of the red alga Cyanidioschyzon merolae identified at least 21 additional genes that appeared to have been transferred to the primary photosynthetic eukaryotes from Chlamydiae similar to the genus Protochlamydia (Huang and Gogarten 2007) . A similar analysis including more genomes (C. merolae as well as the green algae Chlamydomonas reinhardtii, Ostreococcus lucimarinus, and Ostreococcus tauri, and the diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana) retrieved 39 proteins of putative chlamydial origin, not only in primary photosynthetic eukary-otes but also spreading through secondary plastid endosymbioses to other photosynthetic eukaryotes (Becker et al. 2008) . The number of genes of potential chlamydial origin continued to increase when a similar analysis with a larger taxonomic sampling of photosynthetic eukaryotes led to the detection of 55 candidate genes in algae and plants. Moreover, 37 were putatively plastid-targeted, reinforcing the potential role of these genes in plastid functioning . Those studies agreed to hypothesize that a chlamydial endosymbiont or parasite may have facilitated the subsequent establishment of the cyanobacterial endosymbiont that give rise to the plastids.
More recently, it has been proposed that chlamydial cells infecting the host of that primary cyanobacterial endosymbiont secreted into the host cytosol effector proteins that allowed the host to use carbohydrates exported from the incipient plastid (Ball et al. 2013 ). Thus, Chlamydiae would have been essential not only to stabilize the plastid endosymbiosis through the long term by providing the ATP/ADP translocases, but also to allow the very first installation of the cyanobacterial endosymbiont thanks to those effector proteins. Such necessity of the presence of chlamydial cells would also explain why primary plastids have evolved so rarely (Ball et al. 2013; Baum 2013) . Although this is a very interesting hypothesis, one potential caveat is that Chlamydiae have been detected as parasites of a variety of animal phyla and different amoebae, but never of plants or algae (Horn 2008) .
We have addressed this question by reanalyzing the largest set of Chlamydiae-like proteins, 55 sequences, using Bayesian inference phylogenetic reconstruction, which is less sensitive than other methods to several tree reconstruction artifacts. As in the case of the study of the putative diatom green EGTs, we retrieved a variety of situations (P Deschamps and D Moreira, unpubl.). Whereas seven proteins did not retrieve any close relationship between Chlamydiae and primary photosynthetic eukaryotes, 17 others appeared to support a Chlamydiae -Archaeplastida relationship (two of them being found only in these two lineages). Two of those 17 trees did not support the monophyly of the Archaeplastida, with green algae and plants branching close to the Chlamydiae but red algae branching with Cyanobacteria. Ten trees showed a surprising pattern because Archaeplastida emerged in a group containing the Chlamydiae and the Cyanobacteria and, in some cases, a few other bacteria (e.g., Fig. 1A) . A similar case, but including Archaeplastida, Chlamydiae, and Alphaproteobacteria, was supported by two proteins (Fig. 1B) . Nevertheless, the most common class of trees was the one in which Chlamydiae branched close to a variety of eukaryotes, not only including Archaeplastida but also nonphotosynthetic eukaryotes that are supposed to never have hosted plastids. In five cases, this concerned just a single eukaryotic lineage (such as the Diplomonadida-Giardia and Hexamita [ Fig. 1C ] or the Mycetozoa-Dictyostelium) and in 14 other cases a larger eukaryotic diversity, with animals, fungi, and other lineages (e.g., Fig. 1D ). Thus, in .50% of the putative chlamydial genes in Archaeplastida, we either did not observe a real phylogenetic relationship with this group or it concerned also nonphotosynthetic eukaryotes.
Among the proteins that appeared to support a putative chlamydial origin of the archaeplastid sequences, the 12 phylogenies showing a relationship also with cyanobacterial or alphaproteobacterial sequences were difficult to interpret. This was notably the case for the chlamydial-like ADP-Glc -specific starch synthases postulated to have been crucial to the installation of the first plastids in eukaryotes (see Fig. 2 in Ball et al. 2013) . Phylogenetic analyses have suggested that Chlamydiae are closely related to Planctomycetes, Verrucomicrobia, and some other less-known lineages, forming the "PVC superphylum" (see Wagner and Horn 2006) , which has no particular affinity with the Cyanobacteria or the Proteobacteria. Thus, the close relationship of the Archaeplastida, Chlamydiae, and Cyanobacteria and/or Alphaproteobacteria observed in 12 of our phylogenetic trees did not reflect the expected bacterial phylogeny (i.e., the PVC relationship). Two alternative possibilities may explain those 12 phylogenies: either that Chlamydiae are not the donors
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Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016014 of those genes but the recipients in hypothetical Archaeplastida-to-Chlamydiae horizontal gene transfer (HGT) events, or that the ancestral cyanobacterium at the origin of the first plastid had acquired those genes from chlamydial donors and then transferred them to the eukaryotic host by EGT (Wolf et al. 1999) . The fact that, as explained before, no chlamydial species is known to infect plants or algae could be seen as evidence against the first hypothesis. In contrast, the second hypothesis could also explain the observed Archaeplastida -Chlamydiae -Alphaproteobacteria relationships by Chlamydiae-to-Alphaproteobacteria HGTs followed by EGTs to eukaryotes through the mitochondrial endosymbiosis. This same idea has been proposed in more general grounds to explain the many non-alphaproteobacterial genes of bacterial origin found in a phylogenomic study of the yeast nuclear genome ). Likewise, the cases in which Viridiplantae branched close to Chlamydiae but not the other archaeplastid lineages (which branched, as expected, close to Cyanobacteria) could also argue against the idea of a very early implication of Chlamydiae in the origin of Archaeplastida. This phylogenetic pattern has already been observed for the 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase, involved in carotenoid biosynthesis (Frommolt et al. 2008) . Thus, the real contribution of Chlamydiae to the acquisition of the first plastids has to be seen as a not yet close, difficult evolutionary question.
CONCLUDING REMARKS
Comparative genomic and phylogenomic analyses have shown that eukaryotic genomes are intricate patchworks of genes of different evolutionary origins. This is a general situation because all known eukaryotes have, at least, integrated genes from the mitochondrial endosymbiont into their nuclear genomes. The case of photosynthetic eukaryotes is certainly the most complex one, because their nuclear genomes have been bombarded by bacterial genes coming from the primary plastids but also by eukaryotic genes provided by the nuclei of red or green algae in the case of secondary photosynthetic eukaryotes. The extent of the contribution of these different endosymbionts to the host genome remains uncertain, but some researchers consider that it may have been massive with, for example, 75% of Saccharomyces cerevisiae genes of putative bacterial origin ) and 18% of A. thaliana genes of potential cyanobacterial origin (Martin et al. 2002) . However, most of these analyses were performed several years ago with the limited taxonomic sampling available at that time, which may have induced an overestimation of the number of EGTevents. In addition, these are very ancient events that took place many millions of years ago, so that the phylogenetic signal conserved in individual genes has been considerably erased. In addition, the genes acquired by EGT had to adapt to a new genomic environment and then, often, accelerated their evolutionary rates (Baurain et al. 2010) . The combination of these two factors makes the identification of those EGT genes very difficult. This is especially the case for secondary endosymbiotic events involving red and green algae. These two groups of algae are separated by a single node and a very short evolutionary distance in most phylogenetic trees, so even small biases in tree reconstruction can be enough to shift a sequence from one group to the other. Moreover, the distance between the Archaeplastida and other eukaryotic groups seems also to be very short, so that tree reconstruction artifacts can easily misplace artificially a sequence close to or far from them, not to speak about the numerous gene, or even complete genome, duplications that most eukaryotes have experienced during their evolution and that very frequently lead to hidden paralogy problems. Because of all these problems, it is naïve to believe that rigid automatic procedures can accurately identify the complete set of EGT genes in a given genome. On the contrary, these methods have been shown to greatly overestimate EGT to levels approaching not less than 90% of false positives (Burki et al. 2012a; Deschamps and Moreira 2012) . Not only careful analyses trying to control for as many of those biases as possible are unavoidable to address these questions, but, repeating Burki et al.'s words, it is also important to avoid as much as possible the subjectivity in those analyses and remember to keep "extreme caution when drawing conclusions for major evolutionary events."
